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ABSTRACT

Short-pulse ultraviolet and x-ray free electron lasers of unprecedented peak brightness are in the process of
revolutionizing physics, chemistry, and biology. Optical components for these new light sources have to be able to
withstand exposure to the extremely high-fluence photon pulses. Whereas most optics have been designed to stay intact
for many pulses, it has also been suggested that single-pulse optics that function during the pulse but disintegrate on a
longer timescale, may be useful at higher fluences than multiple-pulse optics. In this paper we will review damage-
resistant single-pulse optics that recently have been demonstrated at the FLASH soft-x-ray laser facility at DESY,
including mirrors, apertures, and nanolenses. It was found that these objects stay intact for the duration of the 25-fs
FLASH pulse, even when exposed to fluences that exceed the melt damage threshold by fifty times or more. We present
a computational model for the FLASH laser-material interaction to analyze the extent to which the optics still function
during the pulse. Comparison to experimental results obtained at FLASH shows good quantitative agreement.
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1. INTRODUCTION

X-ray free-electron-lasers (XFELs) [1-4] will provide radiation of unprecedented peak brightness and full transverse
coherence, enabling unique research possibilities for condensed matter physics, materials science, and structural biology.
The currently operating soft-x-ray free electron laser FLASH [1] provides photon pulses of wavelength 13 to 48 nm, and
is expected to operate down to 6 nm soon. The hard-x-ray free electron lasers LCLS [2], SCSS [3], and Euro XFEL [4]
will provide photon pulses of wavelengths down to 0.1 nm. For all these FELs, the pulse length is < 100 fs, and each
pulse contains 10'? to 10" photons, resulting in photon pulses of unprecedented peak brightness. The expected high
output fluence and short pulse duration pose significant challenges to the optical components required to utilize XFEL
beams, including radiation damage. Theoretical work on the design of robust optics has been discussed in the literature
[5-9]. It is expected that high-melting-point, low-atomic-number materials will be most resistant to damage. It has been
suggested that the fundamental mechanism that determines the damage threshold for single-pulse exposures in insulators
is thermal melting [7,8]. For multiple-pulse exposures, the damage threshold is potentially lower due to fatigue effects
associated with thermo-mechanical stresses [9], chemical changes, or phase transitions [10].

In recent experiments at FLASH it was demonstrated that the conventional damage threshold can be overcome by taking
advantage of the extremely short pulse duration of the FELs [11]. It has been shown that during the pulse, only a
limited amount of damage takes place, and the optic still functions. Only after the pulse is over is the optic destroyed.
This is the same principle used for x-ray diffraction flash imaging of objects [12]. In this paper, we describe examples
for “disposable” damage-resistant single-pulse optics used in soft x-ray FEL beamlines and their applications, especially
focusing on multilayer mirrors. We will describe a model that is used to estimate the single-pulse damage resistance of
optics. Finally, we describe how this principle can also be applied in the hard x-ray regime to other optical elements
such as refractive lenses or x-ray zone plates.

2. EXAMPLES FOR DAMAGE-RESISTANT SINGLE-PULSE OPTICS

Several examples for damage-resistant single-pulse optics have been demonstrated recently at FLASH, including
multilayer mirrors, spherical lenses, and apertures. In this Section we will review these findings.
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Fig. 1. Reflectivity as a function of the off-normal angle of incidence 8 for different fluences. Data taken from Ref. [11].
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Fig. 2. (top) Nomarski differential interference contrast micrograph of the damaged multilayer surface. (bottom) TEM
images of cross sections of the nanostructure at different positions within the FEL-exposed spot. The positions are as
indicated in the top picture. The picture in the top and the bottom pictures A, C, and F were taken from Ref. [11].

2.1 Multilayer mirrors

The possibility of overcoming the damage barrier by applying short pulses has significant technological interest. For x-
rays, multilayer coatings can provide optics of higher numerical aperture (resulting in smaller focal spots) than uncoated
mirrors. Extremely high focusing will be required for the application of XFELs to bio-molecular imaging or the creation
and observation of extreme conditions in matter, such as exotic excited states of atoms and warm dense plasmas [13]. A
common problem is the damage resistance of these multilayers when irradiated with multiple shots. If the survival of the
multilayers for single shots is sufficient, significantly larger fluences can be tolerated. It was shown [11] that multilayer



mirrors still functions during the pulse (Figure 1) even though they are completely destroyed after the pulse (Figure 2).
In this example, the multilayer consisted of alternating Si and C layers and was irradiated with FLASH pulses at a
wavelength of 32 nm at angles around 45 degrees.
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Fig. 3. (a) SEM image of a latex sphere on a Si;N4 membrane after FLASH exposures. The dark rings correspond to
depressions in the SizN4. (b) Calculated near-field diffraction pattern at the Si;N, surface.

SisN4 Aperture -

32nm, 25 fs after FEL exposure

EREEERERER

Silicon frame SisN, membrane

(@)

Fig. 4. Schematic of a Si/Si;N, aperture used in the FLASH imaging experiments. (b) SEM micrograp of a destroyed

aperture after two FLASH exposures.

2.2 Spherical nanolenses

Polystyrene spheres act as diverging lenses at a wavelength of 32 nm since the index of refraction is less than one. We
have demonstrated the functionality of such a lens at fluences that exceed the conventional damage threshold by
depositing latex spheres on top of 20 nm-thick Si;N, membranes and exposing them to the FLASH beam. We found that
for a fluence range that causes mild damage to the Si;N, without destroying it, ring-shaped craters surrounding the
spheres are formed, as shown in Figure 3 (a). The sphere is destroyed after the exposure to the 32 nm beam. As shown
in Figure 3 (b), we can match these rings with maxima in the near-field diffraction pattern of the sphere. It is expected
that these rings of high intensity also occurs at larger FLASH fluences, but the evidence is not available since the whole



Si3N4 membrane is destroyed after the pulse. From these observations, we suggest that focusing concave-shaped
nanolenses can be constructed and used with FELs for single high fluence pulses.

2.3 Apertures

In a number of diffractive imaging experiments at FLASH, Si;N, windows that have been fabricated from silicon wafers
covered with a thin layer of Si;N, using the anisotropic Si etchant KOH, have been used to shape the beam. Figure 4 (a)
shows a sketch of such an aperture. The gradual thickness variation of the silicon frame reduces the effect of the
aperture on the diffraction pattern. We found that these apertures still function during the pulse but are destroyed
afterwards. Figure 4 (b) shows such an aperture after exposure.

3. LIMITATIONS OF SINGLE-PULSE OPTICS

Even though single-pulse optics have a much larger damage tolerance than multiple-pulse optics, degradation of the
optics during the pulse is still a concern for sufficiently large fluences or longer pulses. The FEL pulse heats the
electrons, which can lead to changes in the optical properties of the materials. Even though the extent of large-scale
atomic motion during the pulse is small, small-scale motion can potentially alter the crystal structure, and thereby the
optical properties of the materials. In experiments at FLASH, indications were found that the optical properties do not
change significantly during the pulse [14]. In the damage model that is described in the following Section we ignore
changes in the index of refraction due to changes in the crystal structure factor and take only changes due to heating of
the electrons into account.

4. HYDRODYNAMIC MODEL FOR DAMAGE EXPERIMENTS AT FLASH

We have gained a deeper understanding of the limitations of single-pulse optics through numerical simulations using hot
dense plasma models. Since the samples enter the regime of warm-dense matter (WDM), which is generally not very
well understood, we extended physical models originally developed for hot dense plasmas into the WDM regime. Since
the relevant length scales in the optical elements are usually comparable to the wavelength, geometrical optics is
generally not sufficient to describe the energy deposition, and wave optics needs to be considered. For example, for
multilayer structures, the standing-wave intensity distribution was calculated using steady-state methods based on
Fresnel equations [15]. We based our estimate of the complex index of refraction of the multilayer materials on
published room-temperature solid-density opacities [16], corrected to higher temperatures and various densities by
applying multiplicative correction factors based on an average-ion screened-hydrogen model [17]. The real part of the
index was calculated from the opacities using the Kramers-Kronig dispersion formula. The soft x-ray beam is absorbed
primarily by the electrons through bound-free absorption. Only when the electron temperature reaches 10 eV does free-
free absorption become larger than bound-free absorption in silicon. In carbon, this crossover occurs at an electron
temperature of 35 eV which was not reached in these experiments. Finally, we calculated the hydrodynamic explosion
of the multilayer using the HYDRA radiation hydrodynamics code [18]. We use the QEOS equation-of-state (EOS)
model to find the pressure and energy of the material [19]. For the conditions of our experiment (T, <30 eV, T, << T,
and solid density), the electrons dominate the EOS. They are described by a Thomas-Fermi model with an additional
correction for chemical binding. Electron transport and electron-ion coupling are described in the relaxation time
approximation, where the momentum transfer cross sections are calculated from Coulomb cross sections with cut-off
parameters determined from partial-wave calculations. We found that heat conduction and radiation transport have little
effect on the explosion dynamics during the pulse.
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Fig. 5. (a) Schematic of a Mo/Si multilayer mirror. (b) Light intensity inside of the multilayer mirror. Overlaid is the
intensity distribution inside of a homogeneous Mo/Si slab absorbing 24 % of the beam. (c) Energy dose deposited in
the multilayer mirrors. Overlaid is the dose inside of a homogeneous Mo/Si slab.

5. ANALYSIS OF DAMAGE-RESISTANT MULTILAYER MIRRORS

We have used the hydrodynamic model to analyze the damage dynamics in resonant multilayer mirror structures used in
some of the FLASH experiments. The deposition of the FLASH pulse energy in the mirror is governed by standing-
wave effects inside of the multilayer mirror. Figure 5 (a) shows a schematic of a Mo/Si multilayer irradiated at a
wavelength of 13.5 nm. For an optimized thickness ratio of the Mo and Si layers, the maximum theoretically achievable
reflectivity is 76 % for 50 bilayers. The remaining 24 % of the incoming beam is absorbed in the multilayer mirror.
Using an algorithm based on Fresnel equations [15], we calculated the beam intensity inside of the multilayer mirror as
shown in Fig. 5 (b). Near resonance, the beam intensity is largest inside of the Si spacer layer, and smaller inside of the
absorbing Mo layers. For comparison, in Fig. 5 (b) we also plotted the intensity distribution inside of a homogeneous
Mo/Si slab absorbing 24 % of the beam, demonstrating the importance of wave effects in calculating the intensity
distribution in structures with feature sizes that are comparable to the wavelength. Figure 5 (c) shows the energy dose
deposited in the multilayer mirrors. Even though the intensity is lowest in the Mo layers, the dose is large there due to
the high opacity of Mo. We also overlaid the equivalent dose inside of a homogeneous slab.

The fluence dependence of the reflectivity of a Si/C multilayer at 32.5 nm wavelength at an angle of incidence of 45
degrees was measured at FLASH [11]. The experimental results and our model predictions are reproduced in Fig. 6. We
found that the calculated reflectivity is somewhat higher than the measured value since the simulation results are shown
for an angle of incidence of 45 degrees, whereas the experimental data is shown for angles between 44 and 47 degrees.
The relative drop of the calculated reflectivity lies within the measured range.
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Fig. 6. Reflectivity of Si/C multilayer calculated with hydrodynamic code and comparison to experiment. Figure taken
from Ref. [11].

6. DAMAGE-RESISTANT SINGLE-PULSE OPTICS FOR HARD X-RAYS

So far we have described damage-resistant single-pulse optics in the soft x-ray regime. For hard x-rays, to date, the
smallest x-ray focal spots of 30 nm diameter at 19.5 keV photon energy have been achieved with thick multilayer
structures, operating in a Laue (transmission) geometry [20]. It is predicted that these multilayer Laue lenses will
produce spot sizes below 5 nm, and hence could be used to focus XFEL pulses to achieve x-ray power densities of
3x10%2 W/cm?, assuming anticipated XFEL light output [2]. This corresponds to electric-field strengths close to the
Schwinger critical field, at which spontaneous electron-positron pair creation is expected to take place [21]. These
lenses are only several hundred micrometers in diameter, and so will necessarily be exposed to high incident power
densities, where damage will occur, but not before carrying out their function.

Beam splitters based on Bragg reflection from single crystals hold the promise to facilitate single-color pump-probe
experiments in the hard x-ray regime. For certain angles of incidence, hard x-rays are specularly reflected (and
refracted) from single crystals. It is anticipated that significantly larger fluences than the melt fluences can be tolerated if
the application of single-pulse optics is acceptable.

7. SUMMARY AND CONCLUSIONS

We have demonstrated that many optical elements still function during ultrashort pulses, even through they are
completely destroyed afterwards. Examples of such damage-resistant single-pulse optics that have been demonstrated at
the FLASH facility include multilayer mirrors, beam apertures, and refractive lenses. We have developed a model to
predict the limitations of these single-pulse optics. In the experiments at FLASH, the samples were heated into the
warm-dense-matter regime. In this regime, the index of refraction is very difficult to calculate and the EOS is not very
well known. For the calculation of the energy deposition, diffraction effects have to be taken into account for certain
geometries, for example for multilayer mirrors or spheres on membranes that are comparable in size to the wavelength.
We found that our model agrees with experimental results collected at FLASH, and that it can be used to predict the
performance of disposable, damage-resistant single pulse optics.
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